We present the properties of Lyα emitters (LAEs) at z = 5.7 in the Subaru Deep Field. A photometric sample of 89 LAE candidates is constructed from narrow-band (NB816) data down to N B816 = 26.0 (AB) in a continuous 725 arcmin 2 area. Spectra of 39 objects satisfying the photometric selection criteria for LAEs were obtained with Subaru and Keck II Telescopes, among which 28 were confirmed LAEs, one was a nearby galaxy, and eight were unclassified. We also obtained spectra of another 24 NB816-excess objects in the field, identifying six additional LAEs. We find that the Lyα luminosity function derived from the photometric sample is reproduced well by a Schechter function with L ⋆ = 7.9
Introduction
Lyα emitters (LAEs) are commonly seen in the highredshift universe. Most of them are thought to be very young star-forming galaxies, although some may have an active nucleus and some could be primeval galaxies in a gas cooling phase before onset of the initial star formation or in superwind phases just after the initial star formation. The high number density of LAEs, roughly comparable to that of Lyman-break galaxies (LBGs), suggests that they are important in understanding the early evolution of galaxies.
LAEs at z > 5 are of particular interest in galaxy formation and cosmology, since they are not only expected to be extremely young but also an invaluable probe of the universe during or just after reionization. They can be used to infer the reionization epoch of the universe via the change in their number density (Haiman & Spaans 1999; Rhoads & Malhotra 2001; Haiman 2002; Malhotra & Rhoads 2004; Stern et al. 2005; Kashikawa et al. 2005 ). However, although there has been rapid progress in the observation of LAEs at z > 5 (e.g., Rhoads & Malhotra 2001; Ajiki et al. 2003 Ajiki et al. , 2004 Kodaira et al. 2003; Hu et al. 2002 Hu et al. , 2004 Maier et al. 2003; Rhoads et al. 2003; Ouchi et al. 2005; Taniguchi et al. 2005) , the data obtained to date are not sufficient to place strong constraints on their fundamental properties such as the luminosity function (LF), in contrast to the data of LBGs at similar redshifts. Usually, narrow-band surveys are used to detect LAEs. Their apparent faintness in both narrow bands (i.e., Lyα) and broad bands (off Lyα), as well as a small survey volume defined by the wavelength coverage of the narrow-band filter times the survey area, makes it difficult to obtain a large sample. Samples from several small surveys by different workers could be combined to form a larger sample. However, since the selection criteria of LAEs and the survey depth differ among the surveys, LFs calculated from such combined samples may have systematic uncertainties difficult to control.
In this paper, we report on the results of a very deep survey of LAEs at z = 5.7 in a wide, continuous area of 725 arcmin 2 . The survey uses deep imaging data in six optical bandpasses including the narrow band NB816 (λ c = 8150 A and FWHM = 120Å) targeted at the Lyα emission at z ≃ 5.7 ± 0.05. All of the imaging data were taken with the Suprime-Cam (Miyazaki et al. 2002) at the Subaru Telescope (Iye et al. 2004) . From these data, we construct * Based on data collected at the Subaru Telescope, which is operated by the National Astronomical Observatory of Japan.
a sample of 89 photometrically selected LAEs down to N B816 = 26.0. By followup spectroscopy with the Subaru and Keck II Telescopes, we obtained a sample of 34 LAEs with confirmed redshifts.
Combining these samples with Monte Carlo simulations, we calculate the Lyα LF, which is the most reliable measurement for the LF of z = 5.7 LAEs published to date. This LF serves as a 'zero point' for the LF in the fully ionized universe (z < 6), which is to be compared with the LF at z > 6 to probe the reionization history of the universe. A companion paper (Kashikawa et al. 2005) compares the LF at z = 5.7 obtained in this paper with that for z = 6.5 LAEs, and discusses the ionization state of the intergalactic medium at z = 6.5.
We also derive accurately the far UV continuum LF and the distribution of Lyα equivalent widths (EWs), both of which have not yet been strongly constrained for LAEs at z > 5. Comparing the far UV LF of our LAEs with that of LBGs at z ∼ 6 given in the literature, we examine what fraction of LBGs have EWs large enough to be detected as LAEs, and discuss evolution of Lyα properties of starforming galaxies.
The plan of this paper is as follows. Section 2 describes the photometric and spectroscopic data used in this study. The confirmed sample of 34 LAEs is constructed in §3. The photometric selection of LAEs is made in §4. Section 5 is devoted to results and discussion, and a summary is given in §6. AB magnitudes are used in this paper. We assume a flat universe with Ω M = 0.3, Ω Λ = 0.7, and H 0 = 70 km s −1 Mpc −1 .
Data

Imaging Data
The SDF has deep, public Subaru/Suprime-Cam data in seven bandpasses, B, V , R, i ′ , z ′ , NB816, and NB921, obtained for the Subaru Deep Field Project (Kashikawa et al. 2004 ; see also Maihara et al. 2001 for the Subaru Deep Field). This project is a large program of Subaru Observatory to carry out a deep galaxy survey in a blank field in optical and NIR wavelengths to study distant galaxies. B, V , R, i ′ , and z ′ are standard Johnson and SDSS broad bands, and NB816 and NB921 are narrow bands whose central wavelength and FWHM are (8150Å, 120Å) and (9196Å, 132Å), respectively. In this paper, we use the B, V , R, i ′ , z ′ , and NB816 data to study LAEs at z = 5.7. The exposure times and the 3σ limiting magnitudes on a 2 ′′ aperture are: 595 min and 28.45 mag (B), 340 min and 27.74 mag (V ), 600 min and 27.80 mag (R), 801 min and 27.43 mag (i ′ ), 504 min and 26.62 mag (z ′ ), 600 min and 26.63 mag (NB816). These images have been convolved to a seeing of 0.
′′ 98 (FWHM) and an identical sky coverage of 29.
′ 7 × 36. ′ 7. The pixel scale of the images is 0.
′′ 202 pixel −1 . The selection of z = 5.7 LAEs is made in the R − z ′ vs i ′ − N B816 plane, and the B and V data are also used to further remove foreground objects.
Object detection and photometry were made using SExtractor version 2.1.6 (Bertin & Arnouts 1996) on all six images. The NB816-band image was chosen to de-tect objects. If more than 5 pixels whose counts were above the 2 σ sky were connected, they were regarded as an object. In total, 82,212 objects were detected down to the 3σ limiting magnitude of NB816. For each object detected in the NB816 image, a 2 ′′ -diameter magnitude was measured for each passband to derive the colors of each object. We adopted MAG AUTO for the total NB816 magnitude. All the observed magnitudes and colors are corrected for Galactic absorption using the dust maps of Schlegel, Finkbeiner, & Davis (1998) .
Spectra with FOCAS and DEIMOS
We made spectroscopic observations of 63 objects selected from the NB816-detected catalog with FOCAS (Kashikawa et al. 2002) on the Subaru Telescope and DEIMOS (Faber et al. 2003) on the Keck II Telescope. All 63 objects are NB816-excess objects with i ′ −N B816 ≥ 1.0 and N B816 ≤ 26.0. We first assigned slitlets to objects either with R − z ′ ≥ 1.0 or undetected in R; they are likely LAE candidates. We then included objects irrespective of R − z ′ color in the target list if slitlets were available, in order to evaluate the completeness and contamination of the color-selected sample of LAE candidates to be constructed in Section 4.
FOCAS Spectroscopy
A total of 39 objects were observed with FOCAS in 2002 and 2004 in the multi-slit mode. Among them, three objects were observed on UT 2002 June 7 and 9 with a 300 lines mm −1 grating and an O58 order-cut filter using two masks. The typical spectral coverage was 5400Å -10000Å with a pixel scale of 0.10Å pixel −1 . The use of 0.
′′ 8 slits gave a resolution of 9.5Å at 8150Å. The spatial resolution was 0.
′′ 3 pixel −1 by 3-pixel on-chip binning. The integration time per mask was 12600 seconds. The sky condition was good with a seeing size of 0.
′′ 4 -1. ′′ 0. We also obtained spectra of the standard stars Hz 44 and Feige 34 for flux calibration. The data were reduced in a standard manner.
The remaining 36 objects were observed on UT 2004 April 24-27 with the same type of grating and order-cut filter. Six masks were used in total. The use of 0.
′′ 6 slits gave a resolution of 7.1Å at 8150Å. The spatial resolution was 0.
′′ 3 pixel −1 by 3-pixel on-chip binning. The integration time per mask was 12000-16800 seconds. The sky condition was good with a seeing size of 0.
′′ 4 -0.
′′ 8. The standard stars Hz 44 and Feige 34 were observed for flux calibration. The data were reduced in a standard manner.
DEIMOS Spectroscopy
Twenty-four objects among the 63 were observed with DEIMOS on UT 2004 April 23 and 24. We used four MOS masks with an 830 line mm −1 grating and a GG495 order-cut filter. The spectral coverage was ∼ 5000Å -10000Å, with a central wavelength of 7500Å for one MOS mask and 8100Å for the other three. The slit width was 1.
′′ 0, giving a spectral resolution of 3.97Å. The integration times of individual masks were 7000 -9000 seconds, and the typical seeing sizes were 0.
′′ 55 -1. ′′ 0. Spectra of the standard stars BD+28d4211 and Feige 110 were taken for flux calibration. The data were reduced with the spec2d pipeline. 
Classification of Spectra by Weighted Skewness
We classify the 63 objects with spectroscopic observations into LAEs and nearby emission-line objects using the features of emission lines. NB816-excess objects can be either nearby emitters (Hα, or [Oiii] , or [Oii] emitters), or LAEs at z ≃ 5.7. Typically, the Lyα emission lines of high-redshift galaxies are single, asymmetric lines, with the profile blueward of 1216Å erased almost completely by neutral hydrogen gas. Thus, they can be discriminated from nearby emission lines, which are either single, symmetric lines, or doublet lines.
Objects with doublet emission lines are easy to classify; they are either [Oii] or [Oiii] emitters depending on the separation of the doublet lines. Objects with single emission lines are either LAEs, or Hα emitters, or [Oii] emitters with unresolved doublet lines. To classify single emission-line objects, we introduce weighted skewness, S W , which quantifies the asymmetry of emission lines. A similar quantity (skewness) has been applied by Kurk et al. (2004) to identify an LAE at z = 6.518.
For a given one-dimensional spectrum of an emission line, f (x i ) (i = 1, 2, ..., n), where x i is the i-th pixel along wavelength and f (x i ) is the flux in the i-th pixel, the weighted skewness is defined as
Here
; λ 10,r and λ 10,b are the wavelengths where the flux drops to 10% of its peak value at the red and blue sides of the emission, respectively. In the above formula,
3 f (x i ) measures the skewness of the line, and λ 10,r − λ 10,b measures the width of the line. Since the Lyα emission of high-redshift galaxies tends to be wider than other emission lines of nearby galaxies in the observed frame, we include the factor λ 10,r − λ 10,b in S W to enhance the difference between Lyα and other lines. S W is larger for objects with higher asymmetries and/or larger line widths. Note that for an identical object, spectroscopy with a higher dispersion generally gives a larger S W value. A full description of S W is found in Kashikawa et al. (2005) .
Lyα emission lines at high redshifts typically have large positive S W values. On the other hand, [Oiii] and Hα lines are nearly symmetric, i.e., S W ≃ 0. The S W of [Oii] emitters is also expected to be small (S W is measured for the doublet as a whole); for all resolved [Oii] emitters in our sample, the λ3726 line is weaker than the λ3729 line,
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This pipeline was developed at UC Berkeley with support from NSF grant AST-0071048. Fig. 1 . Weighted skewness of the 63 objects with spectroscopic observations. The red circles, blue triangles, and green crosses indicate LAEs, nearby objects, and unclear objects, respectively. The objects with open blue circles have multiple emission lines. Ordinate shows wavelength ratio, a λ . meaning a negative S W (See also Rhoads et al. 2003) . This means that S W can discriminate LAEs from [Oii] emitters even when the [Oii] doublet is not resolved in a spectrum due to a low spectral resolution and/or a low signal-to-noise ratio. Figure 1 plots S W for the 63 objects. The ordinate represents, for a reference, the wavelength ratio (a λ ) defined by Rhoads et al. (2003) ; a λ is defined as a λ = (λ 10,r − λ p )/(λ p − λ 10,b ), where λ p is the wavelength of the peak flux density. A loose correlation is found between a λ and S W in Fig. 1 . Objects marked by a large open circle are nearby emitters with definite classification based on their emission lines; they are either Hα emitters (from the presence of the [Oiii] line or from a very flat and strong continuum over the whole wavelength range), or [Oiii] emitters (from doublet lines at 4959Å and 5007 A), or [Oii] emitters (from doublet lines at 3726Å and 3729Å). All these nearby objects have S W < 3. A visual inspection of the 63 spectra reveals that most of the objects with S W > 3 have an asymmetric emission-line shape typical of high-redshift Lyα emission.
On the basis of these results, we classify the spectroscopic objects into three classes as follows. We primarily use S W , but in some cases we also use B and V photometry as additional information, since LAEs at z = 5.7 are essentially invisible in our B and V data due to strong absorption by the IGM. If an object has the definite feature of the [Oii] or [Oiii] or Hα line, it is a nearby object. If an object has a single emission-line with S W > 3, it is regarded as an LAE (irrespective of the B and V fluxes); we assume that those with detected B or V fluxes are contaminated by a faint foreground object. If, on the other hand, a single-line object with S W < 3 is detected in either B or V (i.e., brighter than the 2σ limit in the corresponding bandpass), then it is classified as a nearby object. Objects which do not satisfy either of the above three categories are classified as 'unclear' objects; unclear objects are single-line emitters with S W < 3 but invisible in both B and V . Among the 63 objects, 34, 19, and 10 are classified as LAEs, nearby objects, and unclear objects. Among the 34 LAEs, six are detected in either B or V . This rather high contamination rate, 6/34 = 18%, appears to be accounted for by the observed surface number density of faint B/V sources. We find that the fraction of the sky occupied by faint (m > 26) B/V sources is about 10%. Furthermore, the probability of a faint B/V source being within 1 ′′ of a random position in the sky is found to be about 20%. The contamination rate obtained for the spectroscopic sample may be compared to these rough estimates of chance projection. Table 1 summarizes the photometry and spectroscopy of the 63 objects. Figures 2 -4 show the spectra of the LAEs, nearby objects, and unclear objects, respectively. The luminosity functions and star formation properties of the line-emitting galaxies at z < ∼ 1.2 identified in our spectroscopy will be discussed in Ly et al. (2006, in preparation) .
We infer that some portion of the unclear objects may be LAEs in reality. This is because (i) not all LAEs may have as large asymmetry as the confirmed LAEs and (ii) since the resolution of the FOCAS spectra is significantly poorer than that of the DEIMOS spectra, the absolute value of S W of an object based on a FOCAS spectrum will be smaller than that based on a DEIMOS spectrum. In this sense, the criterion of S W > 3 is conservative in terms of the selection of LAEs. Among the ten unclear objects, eight are FOCAS objects. When estimating the selection completeness of the photometric sample of z = 5.7 LAEs in Section 4, we take account of the extreme possibility that all of the unclear objects are actually LAEs. Figure 5 shows the distributions of emission-line wavelengths (the central value if the emission is a doublet) for all of our objects. The thick solid histogram in panel (a) represents the distribution for the 34 LAEs, and panel (b) plots the distributions for nearby objects (thin solid histogram) and unclear objects (dotted histogram). In both panels, the dashed curve corresponds to the response function of the NB816 band. It is found that while the distributions of nearby and unclear objects are statistically consistent with being symmetric around the central wavelength of the bandpass, the LAEs' distribution is skewed toward shorter wavelengths. A natural explanation for this skewed distribution is as follows. LAEs with higher redshifts are on average fainter in NB816 (even when the Lyα luminosity is fixed) because of a lower fraction of the continuum emission redward of λ rest = 1216Å falling into the NB816 bandpass. Hence they tend to be excluded from a list of spectroscopic targets.
The dotted curve in panel (a) represents the distribution of modeled LAEs with N B816 ≤ 26.0 in a mock sample; this sample is constructed based on the same selection criteria as for the observed sample (see the next section) from a large catalog of LAEs generated by Monte Carlo simulations for a range of LAE equivalent widths and luminosity function parameters (see Section 5). In the simulations, LAEs are distributed uniformly in comoving space over the redshift range 5.6 < z < 5.8, which corresponds to an observed Lyα wavelength of 8020 to 8270Å. The thick histogram is found to agree fairly well with the dotted curve, suggesting that prominent large-scale structures along the line of sight are not present in our LAE sample. Hu et al. (2004) also found a skewed distribution in their z = 5.7 LAEs selected from NB816 data in the SSA22 field, and argued that the true center in wavelength of the NB816 filter may be shifted toward shorter wavelengths by about 25Å than the measured one. Although we can- not completely rule out this possibility, the wavelength distribution of our sample is explained without assuming such a shift.
Confirmed Sample of z = 5.7 LAEs
We have 34 LAEs with spectroscopic confirmation. Their distribution in the i ′ − N B816 vs N B816 plane is slightly biased toward brighter NB816 magnitudes and redder i ′ − N B816 colors with respect to the photometric sample, except for three objects of i ′ − N B816 ≃ 1.2. Among the 34 objects, the faintest in NB816 is 25.89 mag.
We measure the flux and FWHM of the Lyα line from the spectrum of each object. In this paper, however, we adopt for Lyα fluxes the values calculated from the imaging data by subtracting the continuum flux measured from the z ′ -band image from the flux falling into the NB816 band, assuming f ν = constant; spectroscopic redshifts are used to determine the precise position of the Lyα line in the NB816 response function. The reason for not using the Lyα fluxes directly is that our multi-slit spectroscopy probably lost a non-negligible amount of Lyα photons, because of the relatively narrow slitlets (0.
′′ 6 and 0. ′′ 8 for FOCAS and 1.
′′ 0 for DEIMOS) compared with the typical PSF sizes, and because the Lyα emission could be extended spatially. Figure 6 shows Lyα luminosities measured from the spectra against those from photometry (See Subsection 5.2 for the calculation of Lyα luminosities based on the photometric data). While lit- [Oiii] or [Oii] ). Identification are unsuccessful for #28247, #29275, #34775, and #168136; these are classified as nearby objects because of a small skewness (S W < 3) and a bright B or V magnitude. The scale on the y axis is marked in 1 × 10 −18 erg s −1 cm −2Å−1 ; for panels in which a factor is shown in the upper left corner, multiply the scale by this factor to obtain a correct scale.
tle systematic difference is seen between the luminosities from the DEIMOS spectra and from the photometry, the FOCAS spectra give luminosities only about one third those measured from the photometric data. Among the FOCAS objects, three were observed with a 0.8 ′′ slitlet, and their L(Lyα(spec))/L(Lyα(phot)) ratio is 70% on average. These results are qualitatively consistent with narrower slitlets losing a larger fraction of Lyα photons. It is difficult to correct L(Lyα(spec)) for this effect, since the seeing size varied during the exposures and since different objects have different intrinsic sizes. For the same reason, we also measure the equivalent widths of the 34 objects from the photometric data, as described in Subsection 5.2.
Photometric Sample of z = 5.7 LAEs
We construct a photometrically selected LAE sample from the imaging data. Objects located in low-quality regions of the images are excluded from the selection process to obtain an LAE sample of uniform detection. The low-quality regions include areas around very bright stars, the four edges of the images, and the south-east region which corresponds to the field of view of the CCD whose quantum efficiency is only about two thirds those of the other nine CCDs. The effective area is thus reduced to 725 arcmin 2 . Figure 7 plots i ′ − N B816 color against NB816 magnitude for all objects with N B816 ≤ 26.0 (N = 61, 919). The vast majority of the objects are distributed around i ′ − N B816 ∼ 0.2; their i ′ − N B816 distribution spreads as NB816 magnitude goes fainter, mainly due to the increase in photometric errors. Objects with large i ′ − N B816 colors are emission-line objects (or some kind of late-type stars with i ′ − N B816 > 1), part of which are LAEs at z = 5.7. The large symbols indicate objects with spectroscopic observations: red circles, blue triangles, and green crosses indicate LAEs (N = 34), nearby objects (19), and unclear objects (10), respectively. For LAEs, open circles mean R magnitudes fainter than the 2σ magnitude (N = 29). The magenta line shows the threshold of i ′ − N B816 adopted for the selection of LAEs:
. The dotted line implies the i ′ -band 2σ magnitude. The i ′ -band magnitudes of objects undetected in i ′ (i.e., fainter than the 2σ magnitude) have been replaced with the 2σ magnitude. Figure 8 shows the distribution of objects in the R − z In both panels, the dashed curve corresponds to the response function of the NB816 band.
vs i ′ − N B816 plane. In this figure, if an object is undetected (i.e., fainter than the 2σ magnitude) in a given bandpass, its magnitude in that bandpass is replaced with the 2σ magnitude. Objects on the R − z ′ = 1.16 line are those undetected in both R and z ′ . More than half (18/34) of the LAEs are invisible in z ′ . The red circles represent the spectroscopically confirmed LAEs (N = 34); open circles show that they are undetected in R (N = 29). The blue triangles and green crosses indicate nearby objects (19) and unclear objects (10), respectively. The yellow stars correspond to the 175 Galactic stars given in Gunn & Stryker's (1983) spectrophotometric atlas. The spectroscopically confirmed LAEs are found to be separate fairly well from the nearby objects. On the other hand, the unclear objects are located in a similar area to the LAEs; this may suggest that a significant fraction of the unclear objects are LAEs in reality.
The black solid curves show the tracks of model LAEs over a redshift range of 5.5 ≤ z ≤ 5.9 with five different intrinsic EW values of Lyα in the rest frame: 20, 50, 150, and 300Å from left to right; filled squares correspond to z = 5.7. In this paper, we assume that the intrinsic profile of Lyα emission is symmetric centered on zero velocity, and that foreground Hi gas reduces intrinsic EWs 50% (blue half). Thus, we set the rest-frame apparent equivalent width after truncation by Hi gas to be W a 0 = 0.5 × W i 0 ; the quantity measured from the data is W a 0 . Note that the assumption of 50% reduction has not been verified for LAEs at z ∼ 5.7 and may be an oversimplification. As stated in Dawson et al. (2004) , the dust content and detailed kinematics of the galaxy ISM appear to play a significant role in determining the emergent Lyα profile (e.g., Kunth et al. 1998; Stern & Spinrad 1999; Mas-Hesse et al. 2003; Shapley et al. 2003; Ahn 2004 ). LAEs at z ∼ 5.7 may have a wide variety in the total absorption fraction of Lyα photons.
To calculate the model tracks, we construct the continuum spectral energy distribution of model galaxies using Kodama & Arimoto (1997) stellar population synthesis model, adopting a Salpeter IMF, a 10 7 yr age, and constant star formation. Note that LAEs without Lyα emission can have as red i ′ − N B816 colors as ≃ 1.2. Based on this figure, we select z = 5.7 LAEs, by imposing the following four criteria on the NB816-detected multi-color catalog:
Objects satisfying these four criteria simultaneously are regarded as LAE candidates. The magenta solid lines in the figure indicate the selection boundary (in the case of
In total 89 LAE candidates are selected, which we call the photometric sample. Table 2 summarizes a breakdown of the spectroscopic sample (N = 63) in terms of the selection criteria for our photometric sample. Thirty-nine out of the 63 objects satisfy the photometric selection criteria for LAEs; 28 are confirmed LAEs, one is a nearby galaxy, and ten are unclassified. In the table, numbers in parentheses are the number of objects lying in the 'high-quality' region of 725 arcmin 2 used to construct the photometric sample of LAEs. Among the 28 confirmed LAEs, one is outside the 'high-quality' region, and thus is not included in the photometric sample. Thus, the 27 spectroscopically confirmed LAEs plus 62 photometrically selected candidates comprise our photometric sample of 89 LAEs. When discussing the Lyα equivalent-width distribution of the confirmed LAEs in subsection 5.2, we use the 28 LAEs which pass the photometric selection criteria. On the other hand, the contamination and completeness of the photometric sample are estimated using the 56 objects lying in the high-quality region.
The criterion of i ′ − N B816 ≥ 1.5 picks up LAEs with rest-frame equivalent widths of
We adopt this criterion in order (i) not to select objects with very weak or no Lyα emission, and (ii) to avoid a high contamination by foreground objects whose i ′ − N B816 colors happen to exceed the criterion due to photometric errors. This lower limit to EWs in our selection is close to those set by Ajiki et al. (2003) , W obs ≥ 180Å (W 0 ≥ 27Å), and by Rhoads & Malhotra (2001) , W obs ≥ 75Å (W 0 ≥ 11 A). However, our lower limit to EWs is slightly higher than that used by Hu et al. (2004) , I − N B816 ≥ 0.7 -1.0 depending on the R − z ′ color of the object. For LAEs at z = 5.7, Hu et al.'s criterion corresponds to i ′ − N B816 > ∼ 1.1 -1.4. However, we find in our data that changing the criterion between i ′ − N B816 ≥ 1.0 and ≥ 1.5 does not significantly change the total number of candidates selected, if the selection is limited to objects brighter than N B816 = 25.5; for objects fainter than this, the contamination by foreground objects due to photometric errors is expected to be high at i ′ − N B816 ≤ 1.5 (see Fig. 7 ), and thus we cannot make a reliable comparison of the number of LAEs. For N B816 < 25.5, the condition i ′ − N B816 ≥ 1.0 leaves 66 objects while i ′ − N B816 ≥ 1.5 selects 53. Considering that the i ′ − N B816 ≥ 1.0 candidates will include a non-negligible fraction of foreground objects even at N B816 < 25, the difference in the number of true LAEs between the two i ′ − N B816 limits will be small.
We estimate the contamination and completeness of this photometric sample on the basis of the spectroscopic observations. The completeness of object detection, which is another completeness to be considered in calculating the LF, is discussed in the next section. As shown in Tab. 2, 56 out of the 63 objects with spectroscopic observation are from the region used to construct the photometric sample (725 arcmin 2 ). Among them, 36 satisfy the above criteria for LAE selection; 27 are LAEs, one nearby, and eight unclear objects. If all of the unclear objects are LAEs in reality, the contamination rate is calculated to be 1/36. On the contrary, if all of the unclear objects are nearby objects, then the contamination is (1 + 8)/36. The average of these two extremes, 14%, is regarded as an estimate of contamination. The completeness is estimated as follows. Among the 56 spectroscopic objects lying in the region used to construct the photometric sample, 32 are confirmed LAEs and eight are unclear. Then, 27 out of the 32 LAEs and all eight unclear objects satisfy the photometric selection criteria for LAEs. Thus, the completeness is calculated as (27 + 8)/(32 + 8) if all of the unclear objects are actually LAEs. It is reduced to 27/32 if all of the unclear objects are nearby objects. The simple average of these two values is 86%.
These contamination and completeness estimates will not be so accurate, since the spectroscopic targets have not been chosen very uniformly in the two-color plane. When deriving the LFs of LAEs in the next section, we do not correct them for either completeness or contamination, because the completeness and contamination corrections using the values obtained above almost cancel; the combined factor is (1 − 0.14)/0.86 = 1.00.
Results and Discussion
In this section, we derive the Lyα LF and the far UV LF of z = 5.7 LAEs from the photometric sample, and examine the distribution of equivalent widths using the spectroscopic sample. The sky distribution of LAEs in the photometric and spectroscopic samples is also discussed.
Lyα Luminosity Function
Calculation of the Luminosity Function
Previous studies derived the Lyα LF by simply dividing the observed number counts of LAE candidates in a given narrow band by the effective survey volume defined as the FWHM of the bandpass times the area of the survey. Although this procedure is accurate when the narrow-band filter has an ideal, boxcar shape, the shapes of actual filters used in LAE surveys are rather close to a triangle. In such cases, the narrow-band magnitude of LAEs of a fixed Lyα luminosity varies largely as a function of redshift. The selection function of LAEs in terms of equivalent width also changes with redshift; the minimum EW value corresponding to a given (fixed) narrow-band excess, such as i ′ − N B816, becomes larger when the redshift of the object goes away from the central redshift of the bandpass.
In order to avoid such uncertainties, we perform the following Monte Carlo simulations to find the best-fit Schechter parameters for the Lyα LF of z = 5.7 LAEs. First, we generate LAEs according to a given set of the Schechter parameters (α, φ ⋆ , L ⋆ ) uniformly in comoving space over the redshift range 5.6 ≤ z ≤ 5.8. Then, we 'observe' these LAEs in the NB816, R, i ′ , and z ′ bands, add to their flux densities photon noise corresponding to the actual observation, and select LAEs by the same criteria as for selecting the actual LAEs. Thus, we have a mock catalog of LAEs for the given set of (α, φ ⋆ , L ⋆ ). Finally, we compare the NB816-band number counts derived from the mock catalog with the observed counts, and compute the χ 2 value. By performing this set of simulations over a wide range of the Schechter parameters, we find the bestfit parameters.
Three points should be noted in these simulations. First, in the actual simulations we search for the best-fit φ ⋆ and L ⋆ values for only three values of α, −1, −1.5, −2, since the magnitude range of the observed number counts is not wide enough to place strong constraints on all three parameters simultaneously. These three α values are chosen following Malhotra & Rhoads (2004) . The difference in χ 2 among the three α values is found to be insignificant, although α = −1 gives the lowest χ 2 value. We adopt the α = −1.5 results as the fiducial set of the best-fit Schechter parameters.
Second, in order to compute flux densities in the individual bandpasses from a given Lyα luminosity, we need to give an equivalent width. We assume a Gaussian distri-
, for the probability distribution of EWs for z = 5.7 LAEs, and generate objects by randomly sampling EWs from the W i 0 > 0 part of this distribution. The value of σ W can be inferred from the observed i ′ − N B816 distribution and EW distribution. Figure 9 compares the predicted i ′ − N B816 distribution with the observation for four σ W values: σ W = 50 A, 100Å, 200Å, and 400Å. For each prediction, α = −1.5 and the best-fit L ⋆ are used. It is found that σ W ≈ 100Å and 200Å are preferred among the four values. We then calculate the equivalent width distribution for σ W = 100 A and 200Å, to find that the distribution for σ W = 200Å is roughly consistent with the observed distribution of the spectroscopic sample, while that for σ W = 100Å is much skewed toward lower EWs and thus clearly inconsistent with the observation. Based on these results, we decide to use σ W = 200Å to find the best-fit Schechter parameters. We have confirmed that using σ W = 100Å does not significantly change the best-fit parameters. Third, we correct the observed number counts for detection completeness, since all objects are detected in the simulations irrespective of their magnitudes. We estimate the detection completeness as a function of apparent NB816 magnitude, by distributing pseudo objects on the NB816 image after adding photon noise, detecting them by SExtractor, and computing the detection fraction. We assume Gaussian profiles for pseudo objects whose size distribution (measured by SExtractor) matches that of the observed LAEs. The completeness thus computed is > 0.8 for N B816 < 25.0, and is ≃ 0.75 at N B816 = 26.0. The correction is thus modest in the whole magnitude range of the photometric sample.
We show in Figure 10 the observed number counts by circles and the predicted counts by three curves corresponding to the three α values. The dotted, solid, and dashed lines correspond to α = −1, −1.5, and −2, respectively. All three models reproduce the observed counts well, although shallower α gives a slightly better fit. This suggests that the Lyα LF of z = 5.7 LAEs is approximated well by the Schechter function. The best-fit parameters 
Hi gas; one can thus double L
⋆ to obtain intrinsic values. The best-fit Schechter functions obtained above for α = −1,−1.5, and −2 are shown in Figure 11 by the thick dotted, solid, and dashed lines, respectively. To give some idea about the luminosity range in which our Schechter functions are reliable, we plot a simple estimate of the luminosity function for our sample by the filled circles. These data points are obtained by dividing the number counts in NB816 (after correction for detection completeness) by the effective volume. Here, we calculate the Lyα luminosity of each object by subtracting the continuum emission measured from the z ′ -band magnitude from the total luminosity in the NB816 band, assuming z = 5.7. This is a rough estimate as described above, since NB816 magnitude for a given set of L and EW varies with redshift.
From Fig. 11 , the Schechter functions are found to be reliable over ≈ 3×10
42 -3×10 43 erg s −1 . In this range, the LFs for all three α values keep rising with decreasing L, suggesting that there exist many faint LAEs beyond our detection limit. Indeed, Santos et al. (2004) detected a high number density of faint (L ∼ 10 40−42 erg s −1 ) LAEs at z = 4.5−5.7 in a survey of lensed LAEs in very small areas. Malhotra & Rhoads (2004) found that a combination of Note that the simple estimate of the LF (filled circles) agrees fairly well with the best-fit Schechter functions. This means that the simple method gives a good approximation to the true LF at least for our data. This does not, however, reduce the importance of the accurate derivation of the LF made above, since we cannot judge the reliability of the simple estimate without an accurate calculation. In addition, the simulations used to derive the LF is useful in predicting the redshift distribution of LAEs in a flux-limited sample as well as placing a constraint on the distribution of EWs.
Comparison with Previous Measurements
Overplotted in Figure 11 are four previous results for z = 5.7 LAEs, which are taken from a compilation by Ajiki et al. (2004) . The filled triangles represent the LF given in Rhoads & Malhotra (2001) , which is based on a narrow-band sample of 18 candidates from a blank field of 710 arcmin 2 . The crosses indicate the data in Ajiki et al. (2003) At L > 1 × 10 43 erg s −1 , our LF is in an acceptable agreement with those by Ajiki et al. (2003) and Hu et al. (2004) . Ajiki et al.'s (2004) measurements are lower than ours, probably because they adopted a higher threshold for EWs, W a 0 > ∼ 45Å, than the other authors including us. At L < 1 × 10 43 erg s −1 , our measurements are higher than all of the others by up to an order of magnitude. We infer that the main reason for this discrepancy is that our data are much deeper than the others and that the other measurements are not corrected for detection completeness. Large-scale inhomogeneity in the spatial distribution of LAEs may be another likely reason for the discrepancy. The differences in selection criteria for LAEs between our sample and the others are probably not a main reason for the discrepancy, since, for our data, changing the i ′ − N B816 threshold over 1.0 -1.5 does not largely change the number of LAEs selected.
The open pentagons in Figure 11 represent the LF of z ∼ 4.5 LAEs obtained by Dawson (2005) from 76 objects with spectroscopic redshifts. This LF is found to be slightly lower than our z = 5.7 LF, but the difference is within the 1σ errors for most data points. Thus, drastic evolution in the LAE LF from z ∼ 4.5 to z = 5.7 is ruled out. Ouchi et al. (2003) show that the LF at z = 4.9 derived from a sample of 87 LAEs agrees with that for z = 3.4 LAEs by Cowie & Hu (1998) , while Maier et al. (2003) found a significant decline in the LAE LF from z = 3.4 to z = 5.7 in their samples of z = 4.8 and z = 5.7. Our finding is consistent with Ouchi et al.'s (2003) . The decrease found by Maier et al. (2003) could be due to the small statistics of their samples (N = 5 and 11 for z = 4.8 and 5.7), or an incompleteness in object detection in their relatively shallow data.
The largest uncertainty inherent in our LF measurements may be cosmic variance. The presence of largescale structures of LAEs has been reported (Shimasaku et al. 2003 (Shimasaku et al. , 2004 Ouchi et al. 2005) . Hu et al. (2004) also found a highly structured distribution of LAEs at z = 5.7 in their 26.
′ 5 × 26. ′ 5 field. Ouchi et al. (2005) used a catalog of z = 5.7 ± 0.05 LAEs for a continuous 1 [Vol. , deg 2 area to calculate the rms fluctuation of LAE overdensity within a sphere of (comoving) 20 Mpc radius to be 40 ± 20 %. This is the estimate of the cosmic variance of LAEs on the largest scale reported so far. Our survey volume, 1.8 × 10
5 Mpc 3 , is five times larger than the volume of a sphere of 20 Mpc radius. Thus, the uncertainty in the number density of LAEs in our sample is likely to be much smaller than 40%, unless there exists an unusual inhomogeneity in the LAE distribution on scales of ≫ 20 Mpc.
Equivalent Widths
Calculation of Equivalent Widths
We measure the rest-frame EWs of the spectroscopically confirmed 34 LAEs by two independent methods. The first method uses the z ′ -band magnitude to measure the continuum flux density, and calculates the EW by dividing the continuum-subtracted flux in NB816 by the flux density of the continuum. The second calculates the EW and the continuum flux density simultaneously from the i ′ and NB816 magnitudes. Note that at z = 5.7 the Lyα line enters both i ′ and NB816 bands. Malhotra & Rhoads (2002) used the first method, while Hu et al. (2004) applied both and then adopted the first method. In either method, we do not correct for the effect of Hi absorption to the Lyα emission, while taking account of the IGM absorption of the continuum emission shortward of the Lyα line (Madau 1995) . In what follows, W a 0 (z ′ ) and W a 0 (i ′ ) denote respectively the rest-frame EWs calculated from the first and the second methods.
The EW of the majority of our LAEs is highly uncertain because of their faint continuum emission; uncertainties are in general larger for objects with larger EWs. Furthermore, the probability distribution function of EW for each object, P (W )dW , is not symmetric but has a skewed shape with a long tail of large EWs, since the continuum emission enters into the denominator of the expression of EW. For each object and each of the above two methods, we carefully evaluate P (W ) using Monte Carlo simulations to calculate the central value of EW and its 1σ errors (see, e.g., Dawson et al. 2004 ). In the first method, we first assume that each flux density of N B816 and z ′ has a Gaussian probability density function centered on the measured flux density with a standard deviation of the measured error. Then we run Monte Carlo simulations to obtain a large set of (N B816, z ′ ) flux densities. Finally, we calculate EWs for individual (N B816,z ′ ) combinations of the set and derive P (W 
, the continuum emission is calculated by subtracting the flux falling into the NB816 band from that falling into the i ′ band. Hence, the continuum emission calculated for objects with intrinsically faint continua (large EWs in most cases) can be close to zero or negative because of large photometric errors in i ′ -band magnitudes. Since a negative value is artificial and it actually means an extremely large (positive) EW, we assign +∞ to objects with negative W c .
The relative robustness against photometric errors between the two methods depends on the characteristics of the imaging data. We examine the reliability of W a 0 (z ′ ) and W a 0 (i ′ ) measurements using the simulations made to derive the Lyα LF in Subsection 5.1. Figure 13 We have inferred that the six objects detected either in B or V are contaminated by a foreground object. If this is the case, their equivalent widths derived from N B816 and z ′ photometry will be lower than the true values because of overestimated continuum emission (the effect on Lyα luminosity is little, as N B816 and z ′ flux densities are similarly contaminated). This underestimation of EWs , while the solid curve corresponds to the sum of their probability distribution functions (P (W )). In both panels, the dotted line indicates the maximum allowable value by normal star formation.
is, however, expected to be small, since (i) among the six objects three are detected in z ′ with both B − z ′ > 1 and V − z ′ > 1 and (ii) three are undetected in z ′ but two of them have B and V magnitudes very close to the detection limits. In addition, we do not use these six objects in the discussion of the EW distribution in the next subsection. Thus, we have not corrected their EW values for foreground contamination. mass function over the normal mass range cannot have EWs exceeding this value, unless they are as young as ≪ 1 × 10 7 yr (Charlot & Fall 1993; Malhotra & Rhoads 2002) . The number frequency of W a 0 (z ′ ) for the 28 LAEs is plotted in Figure 14 (b) by the solid histogram. The solid curve in Fig. 14 (b) corresponds to the sum of the probability distribution functions of the 28 objects. Fig. 14 (b) ) is used, the median, lower quartile, and upper quartile are found to be W i 0 (z ′ ) = 213, 125, 386 A, respectively. The EW distribution based on the spectroscopic sample will be biased toward large values, since the spectroscopic sample appears to be biased toward red i ′ − N B816 colors (i.e., large EWs). As an independent check, we calculate the median and quartiles from the best-fit simulations with σ W = 200Å, to find W i 0 = 147Å (median), 80Å (lower quartile), and 238Å (upper quartile). Although smaller than the corresponding values from the spectroscopic sample, these values are still quite large. We do not find a significant correlation in W a 0 (z ′ ) vs L(Lyα) (Fig. 15) . However, we find that objects with fainter far-UV continuum luminosities tend to have larger EWs. Figure 16 Fig. 16 . It is also interesting to note that a similar trend has been found for LBGs at z ∼ 3 although their absolute EW values are much lower than our LAEs' (Shapley et al. 2003) . We also find a weak, negative correlation between W a 0 (z ′ ) and the FWHM of the Lyα line (Fig. 17) . This is qualitatively consistent with the trend seen in Fig. 16 , if the line width is due to Doppler broadening.
Equivalent Width Distribution
If one wants to reproduce the observed large median value by an ordinary, metal-enriched star-forming population with a Salpeter IMF (i.e., x = 2.35) of an upper mass cut of 120M ⊙ , one must assume very young ages (< 1×10 7 yr), negligible dust extinction, and a nearly complete absorption of ionizing photons in the system (Kudritzki et al. 2000; Malhotra & Rhoads 2002) . Such young ages mean that we are selectively picking up objects which have just started its star formation (or just entered a short starformation phase if they have an episodic star-formation history). This leads us to an idea that there exist a much larger number of ancestors having not started star formation and descendants with ages since the onset of star formation too old to be selected as LAEs. This idea appears to be inconsistent with the observed far UV LFs of LAEs and LBGs. In the next section we show that essentially all z ∼ 6 LBGs pass our selection criteria for LAEs. This implies that nearly half of LBGs have W i 0 > ∼ 200Å and thus younger than 1 × 10 7 yr. It looks unlikely that such a high fraction of LBGs fall into a so narrow range of age, since the LBG selection picks up star-forming galaxies irrespective of their ages as long as their apparent far UV flux densities are higher than a given detection limit. On the other hand, a small portion of our LAEs with equivalent widths lower than ∼ 100Å can be accounted for by ordinary Salpeter populations of reasonably old ages as long as dust extinction is negligible.
Other possibilities to account for the large median EW are top-heavy IMFs or zero-metallicity populations. Malhotra & Rhoads (2002) show that both an x = 0.5 IMF of 1/20 solar metallicity and a Salpeter IMF of zero metallicity can produce EWs > ∼ 200Å even if they are 10 8 yr or older, more than ten times older than the ages constrained for ordinary Salpeter populations. A special configuration of the interstellar medium (ISM) may also boost the equivalent width. Hansen & Oh (2005) argue that Lyα photons can preferentially escape from a dusty, multi-phase ISM than continuum photons if most of the dust is in cold neutral clouds, and thus that the EW of the transmitted spectrum can be larger than the EW of the unprocessed spectrum (see also Neufeld 1991). If this is the case, the observed large EWs can be reproduced by older (or steeper IMF slope) populations.
AGNs can also produce extremely large EWs. It is, however, unlikely that AGNs dominate in our sample, since our LAEs have very narrow rest-frame widths of the Lyα emission line, with a mean and rms of 1.07Å and 0.68Å, or 264 km s −1 and 168 km s −1 in velocity, after correction for spectral resolution. Recently, Wang et al. (2004) reported that no evidence of AGN activity (including low luminosity quasars) has been found for LAEs at z ∼ 4.5 obtained from a narrow-band survey, either in deep X-ray data from Chandra or in optical spectra from Keck (see also Malhotra et al. 2003) . Their report is consistent with our speculation, as we are probably selecting a similar population at z = 5.7 to their LAEs.
Objects Exceeding
Objects with W i 0 ≥ 240Å are particularly interesting, since even a population of a very flat IMF of x = 0.5 (but metal enriched) cannot produce such large EWs unless it is younger than 1 × 10 7 yr (Malhotra & Rhoads 2002 ). We find in the confirmed 28 LAEs that 46 % (13 objects) have
Similarly, the fraction calculated from the probability distribution functions of EW is 44 %. We can also estimate the fraction from the simulations performed in subsection 5.1.1. The simulations for the best-fit Schechter parameters of the Lyα LF (for α = −1.5 and σ W = 200Å) show that 24% of the objects satisfying the selection criteria have input values of W i 0 ≥ 240 A. Similarly, 29% of the objects satisfying the selection criteria have 'measured' values of W i 0 (z ′ ) ≥ 240Å. These values are lower than the observed values, 46 % and 44 %, probably reflecting the bias in i ′ − N B816 color in the spectroscopic target selection. Alternatively, the simula-[Vol. , tions could underestimate the true fraction, since we have not been able to constrain σ W so strongly.
From these results, we infer that the true fraction of W i 0 ≥ 240Å is 30% -40%. This value is much lower than that obtained by Malhotra & Rhoads (2002) , 60%, from a photometric sample of z = 4.5 LAEs detected in their narrow-band survey. Our result may be closer to Hu et al.'s (2004) ; they found in their z = 5.7 LAE sample that the majority (11 out of 15 objects) have EWs less than 240Å, although they did not clearly present the fraction. The reason for the difference between our fraction and Malhotra & Rhoads' is not clear. The evolutionary effect is unlikely, since it implies that the fraction of large-EW objects declines with redshift, which is opposite to the increasing fraction of strong Lyα emitters in LBGs (see the next subsection).
Recently, Dawson et al. (2004) obtained a more reliable fraction of large-EW objects for z ∼ 4.5 LAEs from a sample of 17 objects with spectroscopic confirmation, but they calculated the fraction of W a 0 > 240Å in our definition, not W i 0 > 240Å. Their calculation may be regarded as a conservative lower limit, since Lyα emission is assumed to be absorption free. Using the probability distribution function of EW from Monte Carlo simulations, they found with 90 % confidence that 18 -29 % of LAEs in their sample exceed 240Å. A similar calculation for our 28 spectroscopic LAEs finds that 7 -25 % exceed W a 0 (z ′ ) = 240Å with 90 % confidence. Thus, even without absorption correction, a certain fraction of z = 5.7 LAEs cannot be accounted for by normal star formation; the fraction is similar to that found for z ∼ 4.5 LAEs. It is worth noting that in our sample we do not see evidence of large-EW objects being free from absorption. Among the six objects with W a 0 > 150Å, at least five have a Lyα profile which shows clear asymmetry with a sharp cutoff in the blue side, suggesting a large amount of absorption.
Far-UV Luminosity Function
Calculation of the Luminosity Function
We derive the LF of the far UV continuum emission using the photometric sample of 89 LAE candidates. We transform the z ′ -band magnitude into the far UV continuum at the rest-frame 1350Å assuming that all of the LAEs are located at z = 5.7. For objects at z = 5.7, the z ′ band covers rest-frame wavelengths of 1250Å -1480 A with a weighted center of 1350Å. Then the far UV LF is calculated by dividing the number of LAEs in each 0.5 magnitude bin by the effective volume corresponding to the FWHM of the NB816 bandpass (1.80 × 10 5 Mpc 3 ). In this calculation, the detection completeness in NB816 is taken into account. We do not convert the Lyα LF obtained in Subsection 5.1 into the far UV LF, since the conversion is sensitive to the EW distribution, which is still uncertain for our purpose here. For reference, the M UV values of the 34 LAEs with spectroscopic redshifts are presented in Table 3 . Figure 18 plots the far UV LF obtained from our photometric sample by filled circles. The vertical dotted line at M UV = −19.58 corresponds to the 2σ limiting magni- Hu et al. (2004) . The crosses indicate the measurements for LBGs at z ∼ 6 given in Bouwens et al. (2005). tude in the z ′ band, 27.04 mag; objects fainter than this magnitude have not been used to derive the LF. Note that our sample is not z ′ -magnitude limited but NB816-band limited (N B816 ≤ 26.0). Since the scatter between z ′ and NB816 magnitudes is large, the detection completeness in terms of z ′ magnitude (or far UV magnitude) gradually drops when z ′ magnitude goes fainter because of undetection of objects with relatively fainter NB816 magnitudes (for a given z ′ magnitude). We find, from the plot of apparent z ′ magnitude versus NB816 magnitude, that the measurement of the far UV LF is incomplete to some degree at M UV fainter than ∼ −20.5. Therefore, the apparent flattening of the LF at M UV > −20.5 seen in Figure  18 may be partly due to this incompleteness. The open circles show the far UV LF of z = 5.7 LAEs obtained by Hu et al. (2004) . Their measurements agree with ours very well at M UV < −21, but their value at M UV = −20.3 is lower than ours by a factor of four, probably reflecting the detection incompleteness of their sample.
Lyα Emission of LBGs
We compare the far UV LF of our LAEs with that of z ∼ 6 LBGs. Determinations of the far UV LF of z ∼ 6 LBGs have been recently accumulating (e.g., Dickinson et al. 2004; Yan & Windhorst 2004; Bouwens et al. 2005; Shimasaku et al. 2005 ); see a compilation given in Bouwens et al. (2005) . The differences in φ(M ) among the determinations are roughly within a factor of three. We adopt here Bouwens et al.'s (2005) results (crosses in Fig. 18 ), since they are based on a very large sample of 506 LBGs from several deep surveys including the GOODS fields and the Hubble Ultra Deep Field (HUDF), and since their results are in the middle among the previous determinations.
LBGs at z ∼ 6 are detected as i ′ -dropout galaxies in multi-color broad-band surveys, and thus they include all galaxies with far UV continua brighter than a lower limit defined by the survey depth. In Fig. 18 , the LAE LF is found to be comparable to the LBG LF over the whole magnitude range examined, except for our data point at the faintest magnitude. As stated above, the data point at the faintest magnitude probably suffers from a large incompleteness, and thus the true difference from the LBG LF will be smaller. We can thus conclude that at z ∼ 6 nearly all of far-UV selected galaxies with M UV < ∼ −20 have a strong Lyα emission with W i 0 ≥ 20Å. In other words, an LAE survey like ours can pick out essentially all galaxies brighter than M UV ∼ −20 at z ∼ 6. Malhotra et al. (2005) compared the far UV LF of z ∼ 6 LBGs in the HUDF with the Lyα LF of z = 5.7 LAEs given in Malhotra & Rhoads (2002) , to find similar φ ⋆ values (after correction for an overdensity seen in the HUDF LBGs). They argue that the LBG space density could be consistent with that of LAEs, but they could not compare the space densities of these two populations in a common far UV absolute magnitude range. We demonstrate in this study that the space densities of LBGs and LAEs at z ∼ 6 are similar at least down to M UV ∼ −20. Figure 18 may suggest that the majority of z ∼ 6 LBGs have dust-free, extremely young ages and/or top-heavy IMFs, if we recall that our LAEs have extremely large EWs. A recent observation of far UV colors of i ′ -dropout galaxies (i.e., z ∼ 6 LBGs) by Stanway et al. (2005) shows steep (i.e., blue) UV slopes, which might suggest young ages (∼ 10 7 yr) or top-heavy IMFs, although their sample is limited to faint objects (M UV > −20) and thus does not overlap with our sample. On the other hand, Spitzer Space Telescope observations of bright (M UV < ∼ −21) i ′ -dropout galaxies (LBGs at z ∼ 6) give old ages of a few ×10 8 yr and large stellar masses of a few ×10 10 M ⊙ (Yan et al. 2005; Eyles et al. 2005 ; see also Mobasher et al. 2005 for the finding of a J-dropout galaxy at z ∼ 6.5 with an old age and an extremely large stellar mass). Spitzer observations of HCM 6A (spectroscopically confirmed, Lyα emitting galaxy at z = 6.56 behind Abell 370) give very young ages of an order of 10 6 yr (Chary, Stern, & Eisenhardt 2005) , but this object is fainter than −21.
It is also suggested that bright LBGs have small EWs; Bunker et al. (2003) and Stanway et al. (2004) made spectroscopy of six z ∼ 6 LBGs with M UV < ∼ −21, finding that two have W a 0 = 20 -30Å and the rest have no detectable Lyα emission (A similar trend was found for z ∼ 5 LBGs by Ando et al. 2005) . This supports our finding that LAEs with brighter M UV have on average smaller EWs (Fig. 16) . These results collectively suggest that there is a large variety in the star formation history in z ∼ 6 galaxies depending on their mass; massive galaxies are considerably evolved while low-mass galaxies tend to be very young.
Our study reveals that LBGs at z ∼ 6 have much larger EWs than those at z ∼ 3. Steidel et al. (2000) and Shapley et al. (2003) found that Shapley et al. 2003) , but this fraction rises to as high as about 80% at z ∼ 6, since 24 out of the 28 spectroscopic LAEs have W i 0 ≥ 100Å (The probability distribution functions of the 28 LAEs give 82%). Our finding of high fractions of large-EW LBGs is qualitatively consistent with the recent finding by Nagao et al. (2005) ; they found that at least three out of 48 i ′ -dropout galaxies at
The extremely high fraction of large-EW LBGs at z ∼ 6 suggests strong evolution of Lyα properties of far-UV selected star-forming galaxies over z ∼ 6 and z ∼ 3. The origin of this evolution cannot be specified in this study, but possible candidates will include lower dust extinction, younger stellar ages, and drastic changes in metallicity and the IMF slope toward lower and flatter values, respectively, with increasing redshift. The increase in the fraction of large EW objects with redshift seems qualitatively in accord with the recent finding that the far UV continuum of LBGs is on the average bluer at z ∼ 6 than at z ∼ 3 (Bouwens et al. 2005; Stanway et al. 2005) .
We calculate the star formation rate for the 89 LAE candidates from the far-UV absolute magnitude using the formula given in Madau et al. (1998) . This formula has been applied to LBGs and LAEs at various redshifts in previous studies. Our calculation is limited to the objects brighter than M UV = −19.58. The star formation rates span ≃ 4 -40M ⊙ yr −1 . By dividing the sum of the star formation rates by the survey volume, we obtain the star formation rate density to be 2.3 × 10 −3 M ⊙ yr −1 Mpc −3 . This value is twice as high as the estimate given by Ajiki et al. (2003) , reflecting the deeper limiting magnitude of our data, and thus is regarded as a new lower limit of the far-UV based star formation rate density in the z ∼ 6 universe from LAE surveys. Our value is about one third that derived from the LF of z ∼ 6 LBGs (i ′ -dropout galaxies) down to 0.3L ⋆ z=3 (or −19.6 mag) by Bouwens et al. (2005) , ≃ 6 × 10 −3 M ⊙ yr −1 Mpc −3 . Note, however, that the formula used above to convert M UV into star-formation rate, given in Madau et al. (1998) , assumes a constant star formation of solar metal-[Vol. , licity with a Salpeter IMF of ages of ≫ 10 7 yr. Thus, this formula cannot be applied to our LAEs if they have very young (< 10 7 yr) ages or top-heavy IMFs or zero metallicity as suggested from the large EW values. The star formation rate will be underestimated by this formula for very young populations, while it will be overestimated for populations with top-heavy IMFs. Therefore, while we can robustly conclude that LAEs have a significant contribution to the total far-UV luminosity density in the z ∼ 6 universe, the star formation rate density itself could contain a large systematic error. Furthermore, recalling that nearly all LBGs at z ∼ 6 have EWs large enough to be selected as LAEs, we suspect that the star-formation rate density measurements for LBGs may also suffer from a similar uncertainty.
Lyα Bias for the LF of z ∼ 6 LBGs
Finally, let us discuss an interesting implication of the large EWs of z ∼ 6 LBGs for their far UV LF. In most cases, LBGs at z ∼ 6 were selected from their red i ′ − z ′ colors, and their M UV magnitudes were calculated from z ′ -band photometry (An important exception is the work by Shimasaku et al. 2005) . At z = 6, however, the redshifted Lyα line is located around the peak transmission of the z ′ band. In what follows we take the F850LP band of ACS as a typical z ′ band. If an LBG at z ∼ 6 has W i 0 = 200Å, then its F850LP-band magnitude will be about 0.8 mag brighter than the value expected in the case of no Lyα emission, since its observed-frame equivalent width will be as large as 1300Å (exact values depending on redshift), which is nearly the same as the FWHM of the F850LP band. This simple calculation implies that the far-UV LF of z ∼ 6 LBGs calculated from z ′ -band magnitudes will be biased toward higher luminosities. This bias is stronger for fainter LBGs, since fainter LBGs have larger EWs on average (Fig. 16 ). Comparing the LF at z ∼ 6 with those at lower redshifts will require correction to the former for this bias. The correction not only will strengthen the recent finding that the number density of bright LBGs drops from z ∼ 3 to z ∼ 6 (e.g., Ouchi et al. 2004; Shimasaku et al. 2005; Bouwens et al. 2005) , but also might find a new trend that faint LBGs also decrease in number toward z ∼ 6. Nagao et al. (2004 Nagao et al. ( , 2005 have also argued significant brightening of z ′ -band magnitudes of i ′ -dropout galaxies due to large EWs.
Spatial Distribution
The sky distribution of our LAEs is shown in Figure  19 . The small dots indicate the 89 candidates in the photometric sample. The open circles and crosses represent, respectively, 34 LAEs in the spectroscopic sample with z ≤ 5.7 and z > 5.7. The thick solid lines outline the region used to make the photometric sample. Some spectroscopic objects do not have a counterpart in the photometric sample because they are either out of the region used to construct the photometric sample, or ruled out by the selection criteria.
A large-scale density contrast is seen in the sky distribution of the 89 candidates. The average surface num- ber density over the whole region is 0.12 ± 0.01 arcmin −2 . When the whole region is split into two at X = 17 ′ , the surface number density is 0.097 ± 0.016 arcmin −2 for the eastern half and 0.15 ± 0.02 arcmin −2 for the western half; these values differ from the average about ±20%. The line-of-sight distribution of the spectroscopic sample also shows inhomogeneity. Objects with z ≤ 5.7 dominate in the western half, while those with z > 5.7 dominate in the eastern half. These findings collectively suggest the existence of large-scale structure in our sample. Figure 20 plots the angular correlation function for the photometric sample (filled circles). Clustering signals are found not to be significant; the large-scale inhomogeneity found above is not strong enough to be clearly reflected in angular correlation. We also calculate the angular correlation for a bright subsample of N B816 ≤ 25.5 (open circles), since brighter galaxies are in general known to be clustered more strongly at high redshift as well, but we do not see significant clustering. We, however, find possible clustering of the ≃ 2σ level at a very small separation of < 10 ′′ in the angular correlation function, which might suggest that LAEs tend to form close pairs. Ouchi et al. (2005) have examined the sky distribution of z = 5.7 LAEs in a 1 deg 2 area, about five times larger than our survey area, and found filamentary large-scale structures on scales of several tens of Mpc. The largescale structure found in our sample appears not to be as prominent as the filamentary structures of Ouchi et al. sample. A similar observation has been obtained for z ≃ 4.8 LAEs by Shimasaku et al. (2003 Shimasaku et al. ( , 2004 . They have surveyed for LAEs in z = 4.79 ± 0.04 and z = 4.86 ± 0.03 slices of the universe in a 25 ′ × 45 ′ area of the SDF, and found a large-scale structure in the latter slice, while finding no angular clustering in the former slice.
Summary
We have presented the results of a deep survey of Lyα emitters (LAEs) at z = 5.7 in the Subaru Deep Field. A total of 89 LAE candidates with N B816 ≤ 26.0 were selected from imaging data of six bandpasses, including the narrow band NB816, taken with Suprime-Cam on Subaru. These candidates have i ′ − N B816 ≥ 1.5, red R − z ′ colors, and B and V fluxes fainter than the 2σ limits. Spectra of 39 objects satisfying the photometric selection criteria for LAEs were obtained with FOCAS on Subaru and DEIMOS on Keck II. The spectroscopic classification of objects was made using weighted skewness, which quantifies the asymmetry of the emission line. Among the 39 objects, 28 are confirmed LAEs, one is a nearby galaxy, and eight are unclassified. Among the 28 confirmed LAEs, one is outside the region used to construct the photometric sample of LAEs. Also obtained were spectra of another 24 NB816-excess objects in the field; six are LAEs and 18 are nearby galaxies. We have thus 34 confirmed LAEs in total. The spectroscopic results show that the photometric sample of 89 LAEs is highly reliable with a low contamination. Using these photometric and spectroscopic samples of LAEs, we have studied the LFs, the equivalent width distribution, and the spatial distribution of LAEs at z = 5.7. We summarize the main results below.
• By generating mock catalogs of LAEs, we have searched for the Schechter parameters of the Lyα LF of z = 5.7 LAEs which best fit the observed number counts in the NB816 band. We have found 43 erg s −1 within the errors, but largely overshoots them at L < 1 × 10 43 erg s −1 , probably reflecting the detection incompleteness of the previous surveys. No significant evolution is found in the LF between z ∼ 4.5 and z = 5.7.
• We have measured rest-frame Lyα equivalent widths for the spectroscopically confirmed LAEs. We have found that the median value among the 28 LAEs satisfying the photometric selection criteria is W i 0 = 233 A, with lower and upper quartiles of 171Å and 294 A, respectively, where W i 0 , which we regard as the intrinsic value, is twice the measured value. About 30% -40% of LAEs at z = 5.7 are inferred to exceed W i 0 = 240Å, from both the spectroscopic sample and the simulations. LAEs with W i 0 > ∼ 200Å are unlikely to be accounted for by metal enriched, continuously star-forming populations with a Salpeter IMF; metal-free populations or top-heavy IMFs are required. We have also found that LAEs with fainter far-UV magnitudes have larger EWs.
• We have derived the far-UV (≃ 1350Å) LF for LAEs at z = 5.7 down to M UV ≃ −19.6 from the photometric sample. We have found that this LF agrees with the far-UV LF of LBGs at similar redshifts over the whole magnitude range where the completeness of our sample is expected to be relatively high. This implies that at z ∼ 6 almost all star-forming galaxies brighter than M UV ∼ −20 have [Vol. , Lyα emission strong enough to be detected as LAEs (W i 0 ≥ 20Å). Moreover, the fraction of z ∼ 6 LBGs with W i 0 ≥ 100Å is found to be about 80%. These extremely high fractions are in sharp contrast to lower-redshift LBGs, suggesting drastic evolution in Lyα emission properties. We have also argued that the far-UV LF and the star formation rates of starforming galaxies at z ∼ 6 measured from z ′ -band photometry could contain large systematic errors.
• We have found large-scale structure in the spatial distribution of our sample both in the tangential and radial directions, although it is not as prominent as the filamentary structures seen in Ouchi et al.'s (2005) much larger survey for z = 5.7 LAEs. Notes. Numbers in parentheses are the number of objects lying in the region used to construct the photometric sample of LAEs (See Fig. 19 and section 4).
